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ABSTRACT 



An aged high damping alloy 53Cu-45Mn-2Al was studied 
both microstructurally by transmission electron microscopy 
(TEM) and macrostructurally with two different damping 
measurement methods. In-situ heating and cooling obser- 
vations were made with TEM in order to define the recently 
discovered "flickering” phenomenon associated with its 
"tweed" microstructure. TEM studies were also made of an 
aged 53 . 6Cu-46 . 4Mn binary alloy. Damping measurements were 
obtained by a normalized bandwidth method applied to data 
from a resonant bar. This was used to determine (i) the 
aging condition for optimum damping, (ii) the subsequent 
trend of damping at room temperature for each aging condi- 
tion, and (iii) the effect of an 8 HR storage at 100°C on 
damping capacity. Damping measurements utilizing a free 
decay technique to determine log decrement were also used 
and compared to results from the normalized band width 
method . 
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INTRODUCTION 



A. INTEREST AND APPLICATIONS 

The control of extraneous vibrations which are inherent 
in dynamic systems, and the associated reduction in noise 
level, is important to those who operate these systems. In 
the U.S. Navy, unwanted noise and vibration can reduce 
operator and system performance, shorten system life, and 
greatly increase underwater detection ranges of ships and 
submarines. In other words, noise reduction through vibra- 
tion control can at a minimum improve operator and system 
overall efficiencies, and may even give a needed tactical 
advantage when stealth and quiet are paramount. 

The two most common techniques for vibration control 
are system isolation and dissipation through absorption pads 
[Ref. 1] . However, these techniques tend to add weight, 
take up needed space, and are limited by physical con- 
straints. A third method for vibration control is to re- 
place or modify system components which would normally be 
fabricated from low damping materials with components that 
include a high damping material of otherwise similar proper- 
ties. This thesis is a part of an ongoing research effort 
at the Naval Postgraduate School to more completely define 
the capabilities of commercially available high damping 
alloys and to understand the microstructural mechanisms 
involved . 

B. BACKROUND 

Any mechanical system which contains mass and elasticity 
will vibrate when subjected to force or excitation. These 
vibrations will decay differently with time depending on 
many factors, including the nature and magnitude of the 
excitation, temperature, system geometry, and system micro- 
structure. Such vibrational decay is known as damping, for 
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which there are several common measures; such as specific 
damping capacity (SDC) ; these will be described in the next 
section. 

As previously mentioned, the Navy has many possible 
applications for high damping materials and the benefits of 
their use could be extensive. Most commonly used materials, 
however, display low SDC (i.e., less than 1%) while many 
commercially available materials exist which have high SDC 
(see Table 1) . A high damping material is generally defined 
as having an SDC greater than 20%. A high damping alloy 
which has been studied with great interest at the Naval 
Postgraduate School is an alloy based on the Cu-Mn system, 
with composition 53Cu-45Mn-2Al . 

C . MACROSTRUCTURAL DAMPING 
1 . Theory 

A system which has complex damping and undergoes 
forced vibrations can be modelled quite accurately as a mass 
connected to a dashpot and spring in parallel (Ref. 2, pp. 
48-49) . Solving the differential equation corresponding to 
this model yields the steady state solution for time depen- 
dent displacement y(t) : 

y(t) = Y*exp[i (wt-$) ] 

= F*exp[iwt]/[ (k-mw^)+iwc] (1*1) 



where 

Y = displacement maximum amplitude 

F = time dependent forcing function 

§ = phase angle between response and 
forcing function 

w = excitation frequency 

c = viscous damping coefficient 

k = spring constant 

m = mass 
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TABLE 1 



DAMPING CHARACTERISTICS OF SELECTED METALS 
AT ROOM TEMPERATURE [Ref. 1] 



Metal 

Magnesium (wrought) 

Cu-Mn alloys (Incramute, 
Sonoston) 

Ni-Ti alloy (Nitinol) 

Fe-Cr-Al alloy (Silentalloy) 

High-C gray iron 

Nickel (pure) 

Iron (pure) 

Martensitic stainless 
steel 

Gray cast iron 

SAP (aluminum powder) 

Low-carbon steel 

Ferritic stainless steel 

Malleable, modular cast 
irons 

Medium-carbon steels 
Austenitic stainless steel 
1100 Aluminum 
Aluminum alloy 2024-T4 
Nickel-based superalloys 
Titanium alloys 
Brasses, bronzes 



SDC 

(%) 


Yield Strength 
( lO^Dsi) 


Density 
( om/cm^l 


49 


26 


1.74 


40 


45 


7.5 


40 


25 


6.45 


40 


40 


7.4 


19 


25 


7.7 


18 


9 


8.9 


16 


10 


7.86 


8 


85 


7.7 


6 


25 


7.8 


5 


20 


2.55 


4 


50 


7.86 


3 


45 


7.75 


2 


50 


7.8 


1 


60 


7.86 


1 


35 


7.8 


0.3 


5 


2.71 


<0.2 


47 


2.77 


<0.2 


Range 


8.5 


<0.2 


Range 


4.5 


<0.2 


Range 


8.5 
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For a single degree of freedom system, a good ap- 
proximation of a cantilever beam, there occurs many resonant 
frequencies Examples of the first three resonant fre- 
quencies, also known as modes, are shown below in Figure 

1 . 1 . 



Mode 1 




Mode 2 ■ 




Mode 3 • 




Figure 1.1 First Three Resonant Modes 
of a Cantilever Beam 
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There are a number of parameters used to charac- 
terize system damping, many of which are related. Among 
these are: 

a. Logarithmic decrement (<S) — for exponential, cyclic, 
free decay [Ref. 2:pp. 30-31] (see Figure 1.2) 



<S = ln(ai/ai+i) = (1/n) ln(ao/an) (1.2) 




Figure 1.2 Logarithmic Decrement 



b. 



Specific damping capacity (SDC) 
cyclic, free decay [Ref. 3:pp. 



— for exponential, 
444-445] (see Figure 



SDC(%) = (ai^ - ai+i^)*100 (1.3) 

TaTl 



c. 



Quality factor 
nant fre 



(Q) — for forced vibration, the reso- 
(‘Vn) divided by the difference between 



nant frequency (wj,) divided by the difference betwee 
the two frequencies, wt and for which the stored 
energy is exactly halfxhe maximum value (which occur 



exactly 



at see Figure 1.3) [Ref. 2:pp. 76-77] 



(which occurs 



Q = wn (1*4) 
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Figure 1.3 Quality Factor 

d. Specific Damping Capacity (SDC) — for forced vibration 
[Ref. 4: pg. 19 J 

SDC(%) = (27T/Q)*100 (1.5) 

2 . Measurement Techniques 

Depending on desired test parameters and sample 
geometry, there are many techniques available to determine 
the damping capacity of a material or system. At the Naval 
Postgraduate School the most recent and successful method is 
a modified version of the resonant dwell technique. In this 
method, a cantilever beam is subjected to continuous excita- 
tion at random frequencies surrounding the beam's first 
three resonant modal frequencies. Beam response is then 
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compared to the excitation and SDC is calculated from equa- 
tion 1.5. Two of the first and most comprehensive studies 
utilizing this technique were by Reskusich [Ref. 4] and Dew 
[Ref. 5]. Measurement of both excitation and response is 
accomplished by accelerometers mounted at the beam root and 
tip respectively. A spectrum analyzer processes the re- 
sponse at each modal frequency, and strain information is 
obtained from gages mounted directly on the beam. 

Dew also investigated a modification of the tech- 
nique described above by utilizing a beam root strain gage 
for response measurement while retaining the root accelero- 
meter for input. He found a change in response amplitude 
but no change in damping measurement. 

Cronauer [Ref. 6] expanded test parameter capabili- 
ties by developing an apparatus which allowed damping meas- 
urements to be carried out at elevated temperature (to ap- 
proximately 100 'C) . 

The logarithmic decrement technique is a method 
which shows damping during free decay and can be used for a 
variety of strain amplitudes. A common method for low cycle 
decay is the use of a torsion pendulum, a recent study of 
which is included in a paper by Ritchie et al [Ref. 7]. 
Another use of log decrement is the study of oscillatory 
decay of a cantilever beam after being subjected to impact, 
investigated in this study. 

D. METALLURGY OF THE CU-MN ALLOY SYSTEM 

The Cu-Mn binary alloy system has been studied in great 
detail for more than four decades. The phase diagram was 
well established and has been changed very little since 1945 
[Ref. 8]. A version of the Cu-Mn phase diagram with a 
compilation of various experimentally observed transforma- 
tions in the a + two phase region was assembled by Mayes 
[Ref. 9] and is presented as Figure 1.4. It is in this two 
phase region that research has focused for theories on 
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TEMPERATURE. 



Atomic Percent Manganese 



0 to 20 30 40 50 60 70 80 90 100 




Figure 1.4 Phase Diagram of Cu-Mn Binary System with 
Miscibility Gap, Mg, and Tjg 9]. 

I. Miscibility gap [Ref. 16]. 

II. Miscibility gap [Ref. 17]. 

a. Layering range. 

b. Chemical Spinodal. 

c. Coherent Spinodal. 

III. Neel temperature [Ref. 16]. 

IV. FCC-tO“FCT transition in 
quenched alloy [Ref. 18]. 

V. FCC-to-FCT transition in 

aged alloy [Ref. 19]. 
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operative damping mechanisms. The next section will focus 
on these proposed mechanisms, while an overview of Cu-Mn 
metallurgy follows. 

A broad FCC solid solution of Tf-Mn exists at elevated 
temperature (above about 650'C for 45 wt-% Mn) . Upon cool- 
ing from this FCC phase, an antiferromagnetic ordering oc- 
curs [Refs. 10-15] at a temperature which depends on the Mn 
content of the alloy, being higher for richer concentrations 
[Refs. 11, 15]. This temperature is known as the Neel 
temperature (Tj^) , and the dependence on Mn content was 
accurately shown by Vitek and Warlimont [Ref. 16]. With 
additional cooling there is a tetragonal distortion of the 
lattice and the alloy adopts a twinned FCT microstructure 
[Refs. 11,18,20,21,22]. This structure has been called 
quasi-martensitic and the transformation temperature, which 
also increases with increased Mn content, is called the 
martensite start (Mg) temperature [Refs. 10,11,18]. Mg is 
usually slightly below Tj|, but for some compositions the two 
are essentially coincident [Refs. 18,21,22]. For alloy com- 
positions below about 82% Mn, Mg and Tj,} fall below room 
temperature, so that samples quenched to room temperature 
from the 'y-phase will remain FCC. 

Also shown on figure 1.4 are various proposed locations 
of a miscibility gap, which is agreed to exist in the two 
phase region [Refs. 16,23,24]. When an initially homogene- 
ous FCC sample within this range of composition is held at a 
temperature within the gap, there is a continuous separation 
of the single phase into FCC regions of differing composi- 
tion, with the amplitude of the composition modulation 
determined by the endpoints of a tie-line across the gap at 
that temperature [Refs. 10,17,25,26]. In other words, there 
is a separation into relatively Mn-rich and Mn-poor regions, 
with a gradient of Mn content between them. 
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E. MICROSTRUCTURE OF THE CU-MN ALLOY SYSTEM 

1. Damping Mechanisms 

Probably the most widely held view on the source of 
damping in the Cu-Mn alloy system is that energy is absorbed 
during the movement of the twin boundries between FCT plates 
[Refs. 25,27,29]. Hedley [Ref. 25] also states that the 
reversible rotation of magnetic moments associated with each 
Mn ion is a contributing factor. Mayes and Perkins [Ref. 9] 
proposed two additional models, the first of which is 
directly related to the premartensitic tweed structure which 
is common in aged alloys, and the second concerning energy 
absorption by the FCC to FCT transformation as a result of 
stress induction under vibrational conditions. 

2 . Tweed Structure 

"Tweed" is the generic term for a specific type of 
cross-hatched contrast which appears in TEM images in a 
variety of alloy systems. In the Cu-Mn alloy system, the 
lines of contrast lie approximately along traces of {110} 
planes of a cubic phase, obeying extinction rules which are 
consistent with <01l> shear distortions [Refs. 30,31]. Two 
basic conditions are required for this type of contrast 
appearance to develop: (i) an elastically anisotropic 
matrix phase that is "soft" with respect to <011> shear 
distortions, and (ii) a source of finely distributed centers 
of asymmetric strain. Various sources of these strain 
centers have been identified for different systems, such as 
G-P zones [Ref. 30], finely distributed precipitate par- 
ticles [Ref. 31], ordered domains [Ref. 32], or simply 
domains in which there is an incipient lattice transition 
that distorts the lattice [Ref. 33]. 

The distinction of a given tweed contrast, i.e. the 
sharpness of the cross hatched appearance, is quite depen- 
dent on the distribution, nature and magnitude of these 
strain centers, as well as the degree of anisotropy of the 
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matrix phase [Ref. 9]. If any of these factors is defi- 
cient, the typical cross-hatched tweed contrast appearance 
will not appear, and usually a somewhat "mottled" contrast 
will be observed. Many "tweedy" alloys, therefore, show a 
variation in tweed contrast with changes in distribution 
and/or strength of the strain centers. Such may be the 
case, for example, as the strain centers increase during 
aging [Ref. 30] or during cooling toward a temperature range 
of lattice instability [Ref. 34]. 

3 . Flickering 

An unusual type of TEM contrast effect was recently 
observed in aged 53Cu-45Mn-2Al samples that also displayed 
tweed contrast [Ref. 9]. This is unique in that it involves 
movement of certain parts of the image contrast, and has 
been dubbed "flickering". This effect apparently had not 
been observed in previous studies of either Cu-Mn or any 
other systems that display a tweed microstructure. 

Flickering is only seen in samples sufficiently aged 
to also show a definite aligned tweed structure, for ex- 
ample, at least 4 hours at 400 °C. A magnification level of 
at least 40,000X must be used to reveal the image movements, 
as the regions that flicker are on the scale of the tweed 
spacing, about 10 to 20 nm. In a bright field image, the 
flickering regions will be in the darker contrast areas and 
display a variety of repetitive movements such as rotation, 
pulsing, shifting location, splitting, or a combination of 
these. Repetition frequencies range from about 0.1 Hz to 10 
Hz, although higher frequencies may be present but beyond 
visual resolution. Examples of some of the observed move- 
ments are sketched in Figure 1.5. At any one time, there 
are a great many flickering sites observable on the viewing 
screen and the variety of activity usually encompasses all 
the examples shown in Figure 1.5. The flickering effect has 
been recorded on videotape, and the most successful 
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4 0 nm 



Figure 1.5 Schematic of a Variety of Observed 
Flickering Morphologies [Ref. 9] 

photographic method to record activity has been with the 
weak beam technique, an example of which is shown in refer- 
ence 9 . 

F. OBJECTIVES 

In the present work, research to further characterize 
and understand the aged alloy 53Cu-45Mn-2Al was concentrated 
in two general areas, (i) macrostructural damping capabili- 
ties, and (ii) microstructural characteristics. 

Previous research had shown that when aged at 400 *C, the 
time for optimum damping appeared to be about 16 hours [Ref. 
4]. Since this had been based on aging trials at times of 
8, 16, and 32 hours, it was felt that a more accurate deter- 
mination of optimum aging times was warranted, so that in 
the present research additional aging times around 16 hours 
were considered. Another objective was to determine the 
trend of damping capacity of these same variously aged 
alloys both at room temperature and elevated temperature. 
At room temperature, damping capacities and variations 
thereof over time periods up to 96 hours were examined. For 
elevated temperature, damping variations were monitored over 
time periods of 8 hours at 100 °C, and subsequent room tempe- 
rature damping was evaluated. In addition, investigation of 
an alternate damping capacity measurement technique, using 
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the log decrement parameter, was conducted for possible 
future use as a quick and accurate method of checking damp- 
ing. 

Microstructurally, TEM observations utilizing in-situ 
heating and cooling were made in order to gain a better 
understanding of both flickering and tweed contrast micro- 
structure. A 53 . 6CU-46 . 4-Mn binary alloy was observed under 
similar aging conditions to 53Cu-45Mn-2Al to better under- 
stand the possible microstructural effect of aluminum as an 
alloying element with copper and manganese. 
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II. EXPERIMENTAL PROCEDURES 



A. TRANSMISSION ELECTRON MICROSCOPY 

53Cu-45Mn-2Al sample material was provided by Olin Metal 
Research in the form of 0.25 inch thick rolled plate of 
nominal composition 58Cu-40Mn-2Al . Actual composition, as 
previously reported by Reskusich [Ref. 4], was determined by 
Anamet Laboratories, Berkeley, California, to be: 

Cu Mn A1 Zn Si Fe Cr Remain 

w/o: 53.1 44.8 1.61 0.1 0.08 0.06 0.05 0.2 



The plate was warm rolled into foil samples of approx- 
imately 0.35 mm thickness from which 3 mm diameter discs 
were punched. Discs were lightly sanded to remove surface 
oxide and then enclosed in sealed evacuated quartz tubes. 
Sealed specimens were solution treated at 800 °C for two 
hours followed by a water quench to room temperature. Aging 
was done for 8 or 16 hours at 400 °C, followed by a water 
quench and storage in a freezer maintained at -22 °C until 
needed for observation. 

Binary alloy material with a nominal composition 53.6CU- 
46.4Mn was provided by S. Spooner of Oak Ridge National 
Laboratories in the form of a cylindrical plug, diameter 
0.75 inch and length approximately 0.6 inch. It had been 
prepared by arc melting under vacuum 254.7 g of high grade 
Cu with 220.3 g of high grade Mn. Wafers of approximately 
0.7 mm thickness were sliced off by low speed diamond saw, 
then hand sanded to 0.25 mm. Discs of 3 mm diameter were 
punched from the foil and sealed in evacuated quartz tubes. 
Solution treating and aging procedures were similar to the 
previous alloy, however aging times were 6, 13, 24, and 36 
hours . 
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Thin foils for TEM observation were prepared by the 
methods used by Reskusich [Ref. 4] and Mayes [Ref. 9]. A 
detailed summary is contained in reference 9, pages 15 and 
33-36. Thinning was accomplished by a two stage process 
utilizing both jet and static electropolishing. After 
removal from storage at -22 °C, samples were lightly sanded 
to remove surface oxides. They were then placed in a lol- 
lipop holder and jet electropolished at room temperature 
with a solution of H 3 PO 4 and H 2 O, current approximately 580 
ma. This creates a dimple in the center of the sample for 
preferential thinning during the second stage. Final thin- 
ning to perforation was performed by a static electropolish, 
holding the sample with platinum tipped tweezers in stirred 
solution of H 3 PO 4 and Cr 03 , voltage 8 to 12 V. TEM observa- 
tion was carried out immediately after thinning on a JEOL- 
120CX transmission electron microscope operated at 120 kV. 
In-situ heating and cooling was conducted with a Gatan model 
636 double tilt specimen holder loaned by Lawrence Livermore 
National Laboratory. This specimen holder had a temperature 
range of -160°C to 90°C. 

B. DAMPING MEASUREMENTS 

Cantilever beams previously used by Reskusich [Ref. 4] 
and Cronauer [Ref. 6 ] were reused for this research. Beam 
dimensions are shown in Figure 2.1. 

Beams were sealed in evacuated quartz tubes and solution 
treated at 800 °C for two hours, followed by a water quench. 
The beams were then aged at 400°C for 12, 14, 15, 16, 17, 

18, and 20 hours. Following aging the beams were stored in 
a freezer at -22 “C until use. 

Damping measurements were conducted using a modified 
resonant dwell technique similar to that used by Reskusich 
and Cronauer, and an extremely comprehensive discussion of 
equipment and technique is found in reference 6 , pp. 36-68. 
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Figure 2 . 1 Cantilever Beam Geometry 



A modification was made to this technique and will be noted 
during the following brief discussion. 

A Scientific Atlanta SD380Z 2-channel signal analyzer 
was used to generate a random noise signal, which was ampli- 
fied by a MB Dynamics 2125 MB power amplifier. This signal 
was transmitted to the clamped end of the beam by way of an 
air cooled MB Dynamics PM-25 Vibramate exciter connected to 
a "stinger” rod, which was attached directly to the base of 
the beam clamp. The random noise signal caused the beam to 
resonate and therefore undergo strain easily measurable at 
flexure points depending on the resonant mode. For example, 
strains induced by mode one resonance (and to a lesser 
extent higher modes) can be measured by a strain gage at the 
beam root, as shown by the gage depicted in Figure 2.1. It 
was decided to make this single strain gage the source of 
measured beam response as well a-s beam strain, while input 
excitation would still be measured by an accelerometer 
mounted on the beam clamp. Strain gages used were by Mea- 
surements Group, type CEA-13-250-UN-350 ; and the accelero- 
meter used was by Endevco, model 2250A-10. This set-up 
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differed from Cronauer and Reskusich, who measured beam 
response with a second accelerometer mounted on the beam 
tip, and had previously been shown to be accurate by Dew 
[Ref. 5]. 

Both input and output signals were transmitted back to 
the signal analyzer, which (i) performs a transfer function 
of output over input at mode one frequencies, (ii) measures 
the coherence, or clarity of the received signals, and (iii) 
measures the strain at mode one frequencies. Specific 
damping capacity was calculated from the first of these by 
the half power point method, utilizing equations (1.4) and 
(1.5) . Transfer function frequency response was displayed 
on a log scale and half power point frequencies and ^2 

were defined by the 3 dB down points on either side of 
Sample plots of both broad and narrow band transfer function 
and coherence are shown in Figures 2.2 and 2.3 respectively. 
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Figure 2.2 Broad Band Transfer Function and Coherence 



17 



SETUP GRP TF DUAL VW 40D8 CH AC FR lOOHZ 

OOt 401 58 COH C/A AVC DC X2 WTG H A . 5V C . 2V 




55. 125003 H2 COHi .932 ITFli 30.1 00 XPRO SIM N 1 

Figure 2.3 Narrow Band Transfer Function and Coherence 

Beam strain at was also measured by the root strain 
gage and displayed separately. The spectral analyzer con- 
verts strain gage voltage to a dummy variable of engineering 
units (EU) and had been programmed such that one EU equals 
one microstrain. (M£) • A sample plot of strain vs. frequency 
is shown in Figure 2.4. 

Elevated temperature damping measurements were conducted 
utilizing the "hot box” device developed by Cronauer [Ref. 
6] . The device completely encloses the beam, beam clamp, 
and top of support frame, and measurements can be conducted 
at temperatures up to approximately 115 *C. 

Log decrement measurements were conducted by changing 
signal analyzer configuration to display the output of the 
root strain gage during the free decay following an impact 
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Figure 2.4 Narrow Band Strain Distribution 

of the beam. Best results were obtained when impact was 
with a rod of similar high damping alloy aimed at a point 
approximately 1/3 the distance from root to free end. Extra 
reinforcement of the beam clamp was important so that impact 
energy was not also transmitted through the stinger to the 
Vibramate exciter, which would otherwise act as a large 
dashpot and skew response. By varying spectral analyzer 
set-up and rod impact force, free decay plots of a wide 
strain range could be obtained, as high as 1000 EU (jue) peak 
amplitude. Specific damping capacity was measured using 
equation (1.3), and strain data was read directly from the 
free decay plot. A sample of the plot is shown in Figure 
2.5. 
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Figure 2.5 Free Decay of Strain 
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III. RESULTS AND DISCUSSION 



A. DAMPING MEASUREMENTS 

1 . Normalized Band Width 

Initial damping capacity measurements were made at 
room temperature using beams aged at 400 “C for 12, 14, 16, 

18, and 20 hours. Strain was measured with one strain gage 
mounted at the beam root (see Figure 2.1) and strain ampli- 
tude was varied by adjusting the output of the MB Dynamics 
2125 MB power amplifier. Using the amplified signal analy- 
zer random noise signal at maximum output, peak strains were 
achieved of no more than 13 iie. Damping capacity measure- 
ments (SDC) with this configuration showed that a 16 hour 
aging still produced the highest SDC (see Table 2) . How- 
ever, strain levels and corresponding damping capacities 
were well below the range of interest, and in most cases 
below the minimum commonly associated with a "high damping” 
material. Damping measurements were conducted over a period 
of time (24 hrs) on each aged beam after removal from stor- 
age at -22 “C but no discernable trend of SDC variation could 
be observed at these low strain levels. 



TABLE 2 





PEAK 


DAMPING CAPACITIES 


AT LOW 


STRAINS 


Aaina Condition 


rHRS) 


Peak SDC 


(%) 


Strain @ Peak (ue) 




12 




13.2 




9.9 




14 




15.4 




6.7 




16 




22.2 




9.8 




18 




13.0 




10.9 




20 




11.6 




9.2 


Damping 


capacities also 


showed 


little 


strain dependence. 


leading 


to the 


conclusion that the material was not being 
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sufficiently stressed to show the expected strain-dependent 
high damping capacity. 

Therefore, modification was made to the beam exci- 
tation input via the spectral analyzer set-up which yielded 
much higher strain levels. Previous trials had utilized a 
wide range random noise signal which excited the first three 
beam vibration modes (see Figure 1.1). Strain had been 
measured and SDC computed at each of the flexure points 
present in the three modes, yielding a large data base. 
Since a large data base was not the intent of present re- 
search, and since mode one frequencies yielded the largest 
strain rates, a single root strain gage was utilized, sim- 
plifying data collection while maintaining accuracy. In 
addition, an alternate spectral analyzer set-up generated a 
pseudo-random signal, consisting of a swept sine wave con- 
tinuously varied over a desired frequency range. This set- 
up allowed more concentrated energy to be transmitted to the 
beam, generating higher strain rates. Beam geometry dic- 
tated mode one frequencies in the 50-60 Hz range, therefore 
a pseudo-random signal from 0-100 Hz was chosen and yielded 
excellent results. Forced vibration with this method pro- 
duced strain rates in excess of 60 /ic. 

It was decided to utilize the new method and con- 
centrate further experiments on aging times of 15, 16 and 17 
hours. Beams were again solution treated at 800 °C and aged 
at 400°C with procedures outlined in Chapter II. Damping 
measurements at room temperature were conducted over a 96 
hour period following removal from cold storage, with data 
taken upon removal ("start"), and at +2, +8, +24, and +96 
hours. Plots of SDC versus strain for each of the three 
aging conditions are shown in Figures 3.1, 3.2, and 3.3. 

The 16 hour aging condition at 400 °C still appears 
to give highest overall SDC in the strain ranges measured, 
with peak values of 62.9 % SDC at 66 /Lie at start, and again 
62.9 % SDC at 63.2 lie at +96 hours. The highest SDC for the 
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Figure 3.1 Room Temperature SDC vs. Strain 
for 15 Hour Aging. 
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Fiaure 3.2 Room Temperature SDC vs. Strain 
^ for 16 Hour Aging. 
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Figure 3.3 Room Temperature SDC vs. Strain 
for 17 Hour Aging. 
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15 hour aging condition was 51.1 % at 63.2 fie (start), and 
for the 17 hour aging condition, 48.2 % SDC at 63 fie (+96 
hrs) . 

SDC trends through +96 hours differed for each of 
the three aging conditions. For the 15 hour aging condi- 
tion, there was a general drop in SDC from start to 96 
hours, averaging 8.5 % over the strain range. The 16 hour 
aging condition showed a rather large general increase (20.1 
%) , but at the largest strains both start and +96 hours the 
SDC was about the same. The 17 hour aging condition showed 
a net gain in SDC through 96 hours (7.1 %) , although overall 
damping capacity was less than each of the other two aging 
conditions. 

The average gain in SDC for the 16 hour aged sample 
after 96 hours at room temperature was somewhat unexpected 
and may represent a degree of room temperature aging into a 
better damping condition. The additional room temperature 
aging that occurs over this period is probably small, so the 
actual optimum aging time may be slightly longer than 16 
hours at 400 °C. The 15 and 17 hour aged samples obviously 
displayed less SDC, the former being apparently underaged 
and the latter overaged. The 15 hour sample might then be 
expected to show better damping after 96 hours of room 
temperature aging, but this did not appear to be the case. 
It may be that the aging mechanism which leads to high 
damping is unable to progress at room temperature, possibly 
not until the alloy reaches a requisite critical stage of 
transformation. The SDC improvement shown by the 16 hour 
aged sample after 96 hours at room temperature may then be 
because the aging mechanism had surpassed this critical 
stage and could continue progression at room temperature. 
The 17 hour sample showed slight SDC improvement possibly 
for the same reason, although the initial overaging causes 
the overall damping capacity to be relatively low. 
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Using the elevated temperature test apparatus devel- 
oped by Cronauer [Reference 6], measurements were conducted 
on samples initially in each of the three aging conditions 
(15, 16, and 17 hours at 400*C), and the subsequent effect 
on SDC of a 100 °C test temperature was noted. A calibration 
check of the apparatus showed that with a nominal controller 
setting of 120°C, a steady uniform beam temperature of 100°C 
was achieved in approximately 100 minutes. Therefore, for 
each beam SDC measurements were taken at room temperature 
upon removal from cold storage ("start-rm temp"), then 
allowed to heat for two hours to 100 *C before the second set 
of measurements was taken ("+2-100C") . Elevated temperature 
was maintained for an additional six hours, when a third SDC 
measurement was taken ("+8-100C") . The final set of SDC 
measurements were taken after an immediate cooling to room 
temperature ("+8-rm temp") . Beam shaking was only conducted 
while SDC measurements were taken. Figures 3.4, 3.5, and 
3 . 6 show SDC versus strain plots for initial aging con- 
ditions of 15, 16, and 17 hours at 400°C respectively. 

The effect of the 100 *C elevated test temperature 
and time on the damping capacity of samples from each of the 
three aging conditions is readily apparent. Within experi- 
mental error, no difference in SDC vs. strain can be dis- 
cerned between the three, whether after two or eight hours 
at raised temperature. The initial room temperature SDC 
measurements are comparable to previously measured values, 
with the 16 hour aging condition again highest. The effect 
of time at elevated temperature for each can be seen by 
final room temperature measurements. Both the 16 and 17 
hour aged samples show a significant degradation in SDC, 
while the 15 hour aged sample remains essentially unchanged. 
It is significant that this unchanged SDC is now higher 
overall than the degraded SDC of the 16 hour sample. The 17 
hour aged sample not only shows an SDC degradation, but a 
possible peak value of SDC vs. strain is visible in the 30 
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Fiaure 3.4 Elevated Temperature SDC vs. Strain 
for 15 Hour Aging. 
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Figure 3.5 Elevated Temperature SDC vs. Strain 
for 16 Hour Aging 
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Fiaure 3.6 Elevated Temperature SDC vs. Strain 
^ for 17 Hour Aging 
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lit range, meaning higher strains may lead to lower SDC. 
Assuming the damping mechanism had not yet reached the 
••critical” stage for the 15 hour aged sample in room temper- 
ature aging experiments already mentioned, it appears that 
for the same aging condition at 100 °C the mechanism has 
indeed progressed. For the 16 and 17 hour aged samples, it 
appears that overaging has taken place. 

2 . Log Decrement 

An investigation was made into the use of an alter- 
nate method to guickly and accurately measure the SDC of 
53Cu-45Mn-2Al beams. Evaluations of a free decay technique 
to determine log decrement were conducted using the same 
beams used for the room temperature SDC measurements. By 
adjusting the spectral analyzer set-up, it was possible to 
capture the root strain gage output during the free decay 
following an impact of the beam, with maximum input strains 
of up to approximately 1000 fit attainable. Larger impacts 
and correspondingly higher strains were possible, but were 
not investigated due to risk of permanent beam deformation. 

Each beam was tested immediately after the +24 hour 
normalized band width measurements were taken, and separate 
free decay plots were made in ranges of 0-50, 0-100, 0-200, 
0-500, and 0-1000 EU (fit) . An example of one such plot is 
shown in Figure 2.5. For improved accuracy, values of peak 
strain amplitude were only recorded above approximately half 
full scale. SDC values were computed between successive 
peaks using equation 1.3, each at a strain value defined as 
the average between the peaks. The plot of SDC versus 
strain for all three aging conditions is shown in figure 
3.7. 

Resulting relative SDC vs. strain levels between 
aging conditions were comparable to those found with the 
normalized band width method, clearly showing that the 16 
hour aging condition produces the highest overall damping. 
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Figure 3.7 SDC vs. Strain, Log Decrement Method 
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SDC results for the two methods at equivilent strains showed 
that values were not comparable, and with the log decrement 
method, maximum SDC values were much lower than the normal- 
ized band width method. Two possible reasons for this are 
hypothesized: (i) the spectral analyzer set up was inac- 

curate and the displayed strains using this set up were 
actually much lower, or (ii) the comparison of a normalized 
band width method, which uses forced vibration, will give 
inherently higher SDC values than the log decrement method, 
which uses an impact followed by unforced free decay. 

The first of these two hypotheses is not thought to 
be valid, as the spectral analyzer technical manual [Ref. 
39] was thoroughly researched and the company representative 
was contacted for verification prior to using the technique. 
Also, this would mean a strain value disparity of almost two 
orders of magnitude - the peak SDC computed by the log 
decrement method for the 16 hour aged sample, 40.6 % @ 814.9 
He, corresponds to the SDC at a strain of approximately 16 
computed by normalized band width for the 16 hour aged 
sample at +24 hours. 

Rather, it seems that the second hypothesis is more 
likely valid and the two methods should not be compared with 
strict correspondence between SDC values at similar strains. 
Instead, calculated SDC vs. strain relationships for the 
respective methods should only be used for comparison with 
others using the same method. 

B. EXAMINATION BY TRANSMISSION ELECTRON MICROSCOPY 
1. 53CU-45MN-2AL 

Other alloys that display a tweed microstructure are 
known to show variations in tweed contrast with changes in 
temperature. One such example was by Schryvers and co- 
workers [Ref. 34] who showed that the cooling of a Ni-Al 
alloy brought it into a temperature range of lattice in- 
stability and caused a contrast modulation. Perkins [Ref. 
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40] believes the aging conditions in the present alloy bring 
about a similar lattice instability at room temperatures, 
and that the flickering contrast is an observable manifes- 
tation of the incipient FCC to FCT transformation in small 
regions of sufficient Mn content. This observed flickering 
activity is postulated to be the transformed FCT structures 
flipping from one orientation to another. It might be 
hypothesized then that as temperature is increased from room 
temperature, the unstable Mn-rich clusters should surpass 
their Neel temperature and return to a stable FCC phase. 
This should cause two observable effects: (i) flickering 
should diminish and eventually cease, and (ii) tweed should 
diminish in clarity, before eventually disappearing, since 
the localized distortions that had produced the room temper- 
ature tweed appearance have disappeared. On the other hand, 
as temperature is decreased from room temperature, the total 
amount of Mn-rich regions which have undergone FCC-FCT 
transition increase to some extent, since structures with 
lower Mn concentrations, and hence lower Neel temperatures, 
can now transform. This should manifest itself by either a 
coarsening of the tweed structure already present, or by 
formation of new tweedy areas. The effect on flickering 
would probably be that more total flickering sites become 
active, although the lowered temperatures may eventually 
have a detrimental effect on FCT-to-FCT re-orientations. 

The exact spatial morphology of the compositional 
distribution in the aged microstructures has not been deter- 
mined. It is proposed that the aging conditions for this 
particular alloy have rendered the structure not into areas 
of specific Mn-rich and Mn-poor contents, but rather into 
one where there is a continuous compositional modulation 
with a wave-like gradient between a Mn-rich content and a 
Mn-poor content, i.e. spinodal decomposition has occured. 
This model will be discussed in more detail later. 
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The development of a tweed microstructure in this 
alloy has been studied by TEM by two recent researchers, 
Reskusich [Ref. 4] and Mayes [Ref. 9]. Mayes also dis- 
covered the flickering contrast in aged samples which 
display tweed. Flickering seems to be directly related to 
tweed development, appearing as longer- range linear flashes 
in less aged samples (4 to 8 hours) , and progressing to 
smaller localized areas with wide dispersion and greater 
activity in samples with longer aging (16 hours and up) . In 
order to test these hypotheses, two of the aging conditions 
which had displayed tweed and had been observed by previous 
investigators in this laboratory were chosen for observation 
under in-situ heating and cooling conditions. These two 
aging conditions were 8 hours and 16 hours aging at 400 °C, 
and were chosen since they tended to display a good range of 
tweed microstructure and flickering activity. Seven sep- 
arate samples were observed, five from the 8 hour/400 °C 
aging condition and two from the 16 hour/4 00 °C aging con- 
dition. Samples were viewed at temperatures from -163 °C to 
over 80°C. The normal test procedure was to start at room 
temperature, increase to maximum temperature, cool to min- 
imum temperature, then return to room temperature. 

At the initial room temperature, all samples dis- 
played active flickering but varying degrees of tweed. As 
temperature was raised, all showed a reduction in flickering 
activity, and complete cessation in the range of 50 °C to 
70 °C. The tweed contrast became "mottled" and disappeared 
at temperatures slightly above those where the flickering 
disappeared. As the samples were subsequently re-cooled 
from maximum temperatures (80°C) , tweed and flickering would 
reappear 10-20 °C below the temperatures where they had 
disappeared. Flickering would continue and even increase 
intensity below room temperature, through at least -65 °C. 
In one early cooling trial it seemed to then stop, and in 
other early cooling trials the intensity seemed to diminish 
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below about -80 “C, but these observations may have been due 
to changes in diffraction conditions. Later observations, 
made with extreme care to maintain precise two beam con- 
ditions, seemed to show virtually no change in flickering 
upon cooling to the lowest possible temperatures (about- 
163 *C). Characterization of flickering activity is decid- 
edly subjective and until more definitive measurement tech- 
niques are available, the description of these variations 
with temperature must remain relatively general. 

Photomicrographs of samples at room temperature and 
at the high and low temperature extreme are shown in Appen- 
dix A. All of these are bright field images, with the 
sample orientation maintained in a two beam condition with 
beam direction near [110] and the 022 reflection operating 
strongly, or beam direction near [100] and the 002 reflec- 
tion operating strongly. In all cases where an observable 
tweed was present at room temperature (in itself tenuous at 
best, depending on exact orientation and tilt) , cooling 
tended to coarsen the structure, while heating would "sof- 
ten” the tweed, often to extinction. At about -100 *C many 
widely dispersed small basketweave patterns often appeared, 
each in a small localized section of, and in the same gen- 
eral orientation as the tweed pattern (see Fig. A. 8). At- 
120 *C, in one case the structure suddenly changed to a much 
coarser distinct tweed (compare Figure A. 3 to Figure A. 4). 

As previously mentioned, it is proposed that in 
these aged alloys there develops a continuous wave-like 
spatial composition variation between Mn-rich regions and 
Mn-poor regions throughout the microstructure, due to spino- 
dal decomposition. The minimum and maximum amplitudes of 
the composition modulation correspond approximately to the 
Mn contents at either end of the tie line across the mis- 
cibility gap at 400°C. Various proposed locations of the 
miscibility gap have been shown in Figure 1.4. Figure 3.9 
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(1) Roughly 40% Mn and 90% Mn at ends of 400 ”C tie 
line across miscibility gap. 

(2) Shaded areas above 80% Mn represent relative a- 
mounts of Mn-rich FCT alloy. 

(3) A similar model for the same alloy aged at a longer 
time would have longer wavelength A and larger 
individual shaded areas. 



Figure 3.8 Proposed Model of Compositional Variation 
in Cu-Mn Based Tweed Microstructures 

shows a proposed room temperature model for the composi- 
tional variation after aging at 400 'C for an arbitrary time 
T. By this model there would exist a periodic distribution 
of regions in which the Mn content is sufficiently high that 
FCC-FCT transformation would occur upon cooling to room 
temperature, and within these regions or near them, flicker- 
ing may be seen at room temperature. Temperature variations 
above or below room temperature would be expected to take 
these regions above or below their local Neel temperature, 
respectively, with a corresponding effect on tweed contrast 
and flickering. Increased aging times at a given tempera- 
ture, say 400 °C, would tend to increase the wavelength of 
the composition modulation, therefore increasing the tweed 
spacing and perhaps tend to de-couple the Mn-enriched re- 
gions . 
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2 . 53 . 6CU-46 . 4Mn Binary 

A number of Cu-Mn binary alloy samples of varying 
compositions were received from Dr. S. Spooner of Oak Ridge 
National Laboratory. Among these was an alloy of 50Cu-50Mn 
atomic % composition, or a weight % composition of 53.6Cu- 
46.4Mn. Since this is nearly identical to the Cu-Mn ratio 
of the previous alloy, it was decided to observe the binary 
by TEM under similar preparation and aging conditions (as 
listed in Chapter II) . Table 3 lists the static polish 
voltages that were used, with the values underlined that 
produced the best results. 



TABLE 3 

STATIC POLISH CONDITIONS FOR 53 . 6CU-46 . 4MN BINARY ALLOT 
Aging Condition g 400 °C fHRS^ Voltage fv^ 
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Observations were made in both [110] and [100] beam 
direction orientations, with 022 and 002 reflections operat- 
ing strongly in the respective cases. Samples aged 6 hours 
at 400 °C showed no tweed or flickering, and strongly resem- 
bled either an as-quenched or 4 hour aged sample of the 
ternary alloy. With 13 hours of aging at 400 °C the struc- 
ture seemed "mottled" or possibly near-tweed; some flick- 
ering was observed, but was extremely rare. Samples aged 24 
hours at 400 °C were the first to show true tweed, and the 
flickering activity was quite active. Aging times of 36 and 
48 hours at 400 °C produced a well developed tweed structure 
and active flickering, but the banded tweed structure common 
to similarly aged samples of the previous alloy were not 
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seen. Photomicrographs of all the aging conditions except 6 
hours are shown in Appendix B. 

Subjective interpretation of the Cu-Mn binary sample 
results when compared to the ternary alloy lead to the 
conclusion that there is a pronounced retardation of the 
aging process which leads to the development of tweed con- 
trast and flickering. When compared to the results of 
Mayes, for example, on the ternary alloy, the binary alloy 
aging times listed in Table 3 (6, 13, 24, 36, and 48 hours 
at 400 °C) are roughly analagous to 53Cu-45Mn-2Al aging times 
of 4, 8, 12, 16, and 24 hours at 400°C respectively. The 
binary ages at about half the rate of the ternary alloy. 
Since the Cu-Mn ratio is nearly equivilent in both alloys, 
the addition of Al, originally added by the manufacturer to 
aid in casting and machining properties, is apparently 
affecting the kinetics of the phase separation transforma- 
tion and so the development of the tweed contrast micro- 
structure. 

An isolated but very interesting observation was 
made in a weak beam dark field image from the 24 hour/400 °C 
aging condition. Upon close examination of the resulting 
photomicrograph, a small moire pattern was discovered. This 
is an optical phenomenon produced by the superposition of 
two nearly equivilent repetitive structures, which in this 
case are assumed to be either overlapping FCT crystals of 
different orientation, or overlapping FCT and FCC crystals. 
This provided an opportunity to calculate the tetragonal ity 
ratio and compare it to the accepted value. Figure 3.9 
shows a portion of the original weak beam image (moire 
pattern indicated by arrow) and Figure 3.10 shows an ex- 
panded view of the moire pattern. 

Two factors contribute to the orientation of ob- 
served microstructural moire pattern parallel striations: 
(i) lattice difference with no rotation will give striations 
normal to the g-vector, and (ii) rotation on the structures 
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Figure 3.9 Moire Pattern in 24 Hour Aged 53 . 6Cu-46 . 4Mn 




Figure 3.10 Moire Pattern (close-up) 
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without lattice difference will give striations parallel to 
the g-vector [Ref. 41 pp. 357-358]. In this case the stri- 
ations averaged 67* from the g-vector, making the pattern of 
type (i) above, the difference from 90° due to a slight 
rotation of the structures magnified by the moire effect. 
In the general case where lattice spacings are a^ and a 2 , 
the spacing D between parallel striations of the moire 
pattern is given by [Ref. 41 pg. 359]: 

^aia-i) 

D = Tool (3.1) 

(ai-a2> *(h2+k2+l2) ^ 

where h, k, and 1 are the indices of diffraction of the g- 
vector . 

From Figure 3.10, measured spacings D fell into two 
consecutive groups, the first with values between 1.6 and 
2.4 nm, mean value 1.8 nm, and the second with values be- 
tween 3.1 and 4.1 nm, mean value 3.4 nm. Solving equation 
3.1 for a 2 using a^ = .375 nm (lattice spacing for 50Cu-50Mn 
a/o) gives a 2 = .343 nm for case 1 and a 2 = .355 nm above 
or below an FCC structure of nearly identical orientation 
for case 2. Dividing these by the lattice spacing a^^ to 
calculate tetragonality ratios reveals values of 0.92 for 
case 1 and 0.95 for case 2, each much lower than the ex- 
pected value of approximately 0.99 [Ref. 27]. 

The discrepency of calculated tetragonality ratios 
with the accepted value may be due to flickering. The 
bright image traversing the field of the moire pattern in 
Figure 3.10 is thought to be a captured linear flash type 
flicker. This may also explain why the moire spacings are 
divided into two groups, assuming that the flash may have 
•'jumped” twice during photo exposure. 
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IV. CONCLUSIONS 

Damping capacity measurements conducted on the alloy 
53Cu-43Mn-2Al have proven quite fruitful, with useful data 
concerning optimum aging for peak damping, the effect of 
elevated temperature on damping capacity, and data on the 
use of the log decrement technique as an alternate damping 
measurement method. It was found that the aging time at 
400°C which produces the highest room temperature specific 
damping capacity (SDC) is 16 hours, but a 15 hour aging at 
the same temperature will give a condition that has higher 
SDC after 8 hours at 100 'C. SDC was shown to drop by an 
average of almost 70% when the alloy was used at 100 °C 
instead of room temperature. The log decrement technique 
was shown to be accurate, but only when compared with other 
specimens tested by the same method. When compared to the 
normalized band width method at comparable strains, values 
of SDC for the log decrement method were lower by almost two 
thirds. Absolute peak SDC values for the log decrement 
method (at strains over an order of magnitude higher) were 
still about two thirds of those calculated by the normalized 
band width method. 

Transmission electron microscopy (TEM) yielded much 
information on the effects of temperature variation on aged 
53Cu-45Mn-2Al , both on the tweed microstructure and "flick- 
ering" effect. It was shown that raising the temperature 
from ambient conditions to a maximum of over 80 *C causes the 
tweed microstructure to vanish and flickering to disappear, 
probably since Mn-rich FCT regions have transformed back to 
FCC. Cooling from room temperature to a minimum of -163 ‘C 
caused tweed structures to coarsen and improve in clarity, 
and had little effect on flickering. 

TEM studies of the binary alloy 53 . 6CU-46 . 4Mn showed 
that at aging conditions similar to the ternary alloy. 
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development of tweed microstructure and flickering lagged 
behind that of the ternary alloy, by as much as 50 %, pos- 
sibly indicating a strong kinetic effect of the Al in the 
ternary alloy. 



V. RECOMMENDATIONS FOR FURTHER STUDY 



The following recommendations for further research are 
provided, presented under the general headings of damping 
studies and transmission electron microscopy (TEM) studies. 

Damping studies; 

a. An alternate damping measurement technique for use on 
small specimens should be investigated. A wide var- 
iety of variously aged alloys are expected to be 
investigated and supply may be limited. 

b. More investigation into damping capacities at accur- 
ately maintained elevated temperatures may provide 
useful data for correlation to microstrucural develop- 
ment observations at corresponding temperatures. 

TEM; 

a. More in-depth characterization of flickering activity 
is warranted. For example, a high resolution video 
system could be used and successive frames of the 
video presented for photographic documentation. A 
system to measure and record flickering frequencies 
would be useful, especially in conjunction with ele- 
vated and lowered temperature studies. 

b. Microstructural development studies done at tempera- 
tures other than 400 ’C would provide information 
concerning the proposed spatial composition model. 

c. Studies of Cu-Mn binary alloys with varied composi- 
tions may provide further insight on tweed development 
and the effects of Al in 53Cu-45Mn-2Al . 
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APPENDIX A 



TRANSMISSION ELECTRON MICROGRAPHS OF AGED 
53CU-45MN-2AL AT VARIOUS TEMPERATURES 

The following are transmission electron micrographs of 
53Cu45Mn2Al alloy aged at 400 °C for 8 or 16 hours at various 
temperatures (orientation indicated) . 




Figure A.l 8 Hours Aging, 21 ’C, (110) 
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Figure A. 2 8 Hours Aging, 81 “C, (110) 




Figure A. 3 8 Hours Aging, -157 "C, (100) 
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Figure A. 4 8 Hours Aging, 21 °C, (100) 




Figure A. 5 8 Hours Aging, 82 °C, (100) 
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Figure A. 6 16 Hours Aging, -140*C, (110) 




Figure A. 7 16 Hours Aging, 82 °C, (110) 



48 








Figure A. 8 16 Hours Aging, -163'C, (110) 



Figure A. 9 16 Hours Aging, 21'C, (110) 
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APPENDIX B 



TRANSMISSION ELECTRON MICROGRAPHS OF 54 . 6CU-46 . 4MN 
BINARY ALLOY AGED AT VARIOUS TIMES 

The following are transmission electron micrographs of 
54.6Cu46.4Mn binary alloy aged at 400 *C for 13, 24, 36, or 
48 hours (orientation indicated) . 




Figure B.l 13 Hours Aging, (110) 
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Figure B.2 24 Hours Aging, (110) 




Figure B.3 36 Hours Aging, (110) 
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Figure B.4 48 Hours Aging, (110) 




Figure B.5 13 Hours Aging, (100) 
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Figure B.6 24 Hours Aging, (100) 



Figure B.7 36 Hours Aging, (100) 
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Figure B.8 48 Hours Aging, (100) 
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